Fergusonite-type monoclinic BiVO 4 (fm-BiVO 4 ) is an important semiconductor photocatalyst as an alternative to TiO 2 for solar energy conversion and environmental protection. Based upon density functional theory (DFT) calculations, we report the results of a comprehensive study of the surface properties of fm-BiVO 4 , including surface geometric/electronic structures, surface energy, work function, Bader charge, and oxygen-vacancy formation energy on the (100), (010), (001), (101), (011), (110) and (111) 
Introduction
The surface physicochemical properties of semiconductor oxides are crucial in applications such as heterogeneous catalysis, molecule adsorption, gas sensing, and energy conversion and storage. 1 To improve the desired physicochemical properties, semiconductor facets can be ne-tuned via morphology control strategies. For example, the {001} facets of anatase TiO 2 are known to be especially reactive for photocatalysis. However, the {001} facets are the minority among exposed facets in the equilibrium morphology of anatase. It is desirable to synthesize anatase single crystals with a high percentage of {001} facets in order to improve the photocatalytic activity. Such a strategy has been successfully demonstrated recently. 2 The success in morphology control for anatase depends on the knowledge of the surface physics and chemistry of TiO 2 that have been extensively studied. 3 Much attention has been paid to bismuth vanadate BiVO 4 due to its novel properties such as ferroelasticity, 4 ionic conductivity, 5 and acousto-optical 6 and photochromic 7 effects. With a high chemical stability, BiVO 4 could be used as a nontoxic yellow pigment, 8 potential cathode material in lithium cells, 9 promising gas sensor, 10 and good catalyst for the selective oxidation of olens 11 and H 2 S. 12 Especially, under visible light irradiation, BiVO 4 can robustly evolve O 2 from water in the presence of sacricial reagents (e.g., Ag + and Fe 3+ ions), 13 selectively reduce CO 2 into ethanol, 14 photochemically decompose organic pollutants and oxidize inorganic chemicals such as NO, 15 synthesize H 2 O 2 from water and O 2 , 16 and act as an efficient photoanode in photoelectrochemical cells. 17, 18 In this sense BiVO 4 is considered as an important alternative photocatalyst to TiO 2 for solar energy conversion and environmental protection.
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BiVO 4 comprises four polymorphs, i.e., pucherite, dreyerite, clinobisvanite, and scheelite-type tetragonal phase. 4, 20 Among them clinobisvanite, i.e., fergusonite-type monoclinic BiVO 4 (fm-BiVO 4 ), is stable at ambient temperature and pressure, and is most oen used as a photocatalyst. It has been found that the morphology of fm-BiVO 4 has a strong impact on the photocatalytic activity, and much effort has been devoted to the controllable synthesis of fm-BiVO 4 with specic morphologies. 10, [21] [22] [23] [24] In particular, it has been conrmed that the photogenerated electrons and holes can be efficiently separated between different crystal facets of fm-BiVO 4 .
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To reveal the underlying structure-property relationships, density functional theory (DFT) calculations have been carried out for BiVO 4 , mainly for fm-BiVO 4 . 18, 22, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Emphasis is placed on the role of Bi 6s orbitals which contain stereoactive electron lone pairs. [26] [27] [28] [29] For example, based on the calculated density of states (DOS), the Bi 6s orbitals are found to contribute considerably to the valence band (VB) top, and are inferred to result in a large hole mobility as well as the excellent photocatalytic activity of fm-BiVO 4 . 26 Walsh et al. concluded that fm-BiVO 4 is a direct bandgap semiconductor. 28, 29 However, Zhao et al. calculated fm-BiVO 4 as an indirect one. 30, 31 The optical functions of fm-BiVO 4 were calculated, 28, 30 and the strong optical anisotropy was related to the morphology dependence of photocatalytic activity.
30 Doping properties were well studied for fmBiVO 4 , based on which the doping impact on the photocatalytic or photoelectrochemical properties was discussed.
31-34, 36 Zhao et al. also calculated the surface energies of fm-BiVO 4 .
37 The water adsorption properties on the (100) surface of fm-BiVO 4 were investigated by a rst-principles molecular dynamics approach, indicating that water is adsorbed molecularly at the vefold-coordinated Bi site where water oxidization is supposed to occur.
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Compared to TiO 2 , BiVO 4 is a much less studied semiconductor oxide, especially with respect to its surface properties. Here we report the comprehensive results of rst-principles calculations of surface properties for fm-BiVO 4 . Low-index surfaces, i.e., (100), (010), (001), (101), (011), (110) and (111), are considered. Structural effects are carefully taken into account to understand the calculated surface properties including surface geometric/electronic structures, surface energy, work function, Bader charge, and oxygen-vacancy formation energy. The predicted equilibrium morphology of fm-BiVO 4 is compared with the experimental one. We also discuss the possible driving force for photogenerated charge separation in photocatalysis, and provide clues to morphology design for further enhancing the efficiency of charge separation in fm-BiVO 4 .
Crystal structure and computational methodology
The crystal structure of fm-BiVO 4 belongs to point group C 6 2h and space group no. 15 in the international tables for crystallography. As is known, space group no. 15 has one conventional setting C2/c and several nonconventional settings such as I2/a, I2/b and B2/b. For fm-BiVO 4 , experimentalists were used to the body-centered setting I2/a while theorists preferred the base-centered setting C2/c. 28, 30, 31, 34, 36, 37 However, it is better to take the body-centered setting I2/b for fm-BiVO 4 in order to make a direct comparison between the body-centered monoclinic fm-BiVO 4 and the body-centered tetragonal BiVO 4 . 4, 5, 33 In this work, we take the setting I2/b for the bulk and surfaces of fm-BiVO 4 . For the sake of convenience, we present in Table 1 the corresponding low indices of crystal face in the representation of the settings I2/a, B2/b and C2/c according to transformation matrices between these settings.
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Fig . 1 shows the crystal structure of fm-BiVO 4 , a bodycentered monoclinic cell in the setting I2/b. 4, 20 In view of centrosymmetry, we can classify fm-BiVO 4 as a non-polar oxide. Owing to the weak symmetry breaking in the a-b plane, the crystal structure of fm-BiVO 4 can be taken as a slight distortion of the scheelite-type tetragonal structure. Due to the distortion, there are two kinds of inequivalent oxygens, i.e., O(1) and O(2), both coordinated to two Bi atoms and one V atom. The isolated VO 4 tetrahedron with the V atom surrounded by four oxygen atoms in a distorted tetrahedral geometry is coordinated to eight neighboring Bi atoms. The Bi atom together with the BiO 8 dodecahedron is surrounded by eight VO 4 tetrahedra. In addition, the BiO 8 dodecahedron shares four edges with neighboring BiO 8 dodecahedra but no edges with any VO 4 tetrahedra. According to crystal chemistry, the structure of fm-BiVO 4 can be regarded as made up of Bi 3+ cations and VO 4 3À anions. Table 2 lists the measured structural parameters.
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DFT calculations are done using the projector-augmented wave method 39 and a plane-wave basis set as implemented in the Vienna Ab Initio Simulation Package (VASP). 40 The generalized gradient approximation (GGA) formulated by Perdew, Burke and Ernzerhof (PBE) is taken for the exchange-correlation functional. 41 The valence congurations are treated as 6s 1k} surfaces (k ¼ 0, 1). For bulk structure optimization, calculations are done in a 10 Â 10 Â 6 Monkhorst-Pack (MP) k-point mesh with lattice parameters a, b, c varied and internal parameters (x, y, z) relaxed, based on which a 5 Â 5 Â 5 three-dimensional energy Table 1 Low indices of crystal face in the setting I2/b for fm-BiVO 4 and the corresponding ones in the settings I2/a, B2/b and C2/c, respectively
Settings
Low indices of crystal face grid is obtained. The equilibrium structural parameters are derived from the lowest energy point on the interpolated energy grid. The non-polar (100), (010), (001), (101), (011), (110) 
Computational results

Bulk geometric and electronic structures
The optimized structural parameters of fm-BiVO 4 are presented in Table 2 , in good agreement with the experiment. 20 In the same representation of space group, our optimized lattice constants a, b and c are quite close to those calculated by Walsh et al. 28 The V-O bond lengths d V-O are calculated to be 1.739 and 1.751Å, and the Bi-O bond lengths d Bi-O are 2.432, 2.451, 2.473 and 2.532Å. Fig. 2 shows the site-projected partial DOS and chemical bonding analysis of fm-BiVO 4 in the energy range from À20 eV to 5 eV. Here, Crystal Orbital Overlap Population (COOP) for chemical bonding analysis is done with the computer program LOBSTER, 42 based on the PAW results calculated using VASP. The Bi 6s states are located predominantly around À9.3 eV, and partially around À17 eV and between À2.5 to 0 eV. However, the Bi-O bonding magnitude is rather small around À9.3 eV compared to those around À17 eV and between À2.5 to 0 eV. Thus, the Bi 6s orbital can be characterized as strongly nonbonding around À9.3 eV, weakly bonding around À17 eV and anti-bonding between À2.5 to 0 eV. There are notable Bi 6p states below the Fermi level, indicating that the Bi atom is not fully ionized into the expected Bi Fig. 2(c) , the empty V 3d x 2 Ày 2 and 3d z 2 orbitals overlap with the O 2p y and 2p z orbitals, resulting in two delocalized 5-center-8-electron P 8 5 bonds. 43 The main charge compositions are the O 2p (64.7%) and Bi 6s (12.6%) states at the VB edge, and the V 3d (70.7%) and Bi 6p (11.7%) states at the conduction band (CB) edge. In particular, the O 2p y and 2p z orbitals contribute 51.0% at the VB edge, and the V 3d x 2 Ày 2 and 3d z 2 orbitals 67.0% at the CB edge, implying that the P 8 5 bonds play the most important role in physical properties determined by band edges. The calculated band gap E g is 2.07 eV, close to the reported values. 26, 28, [30] [31] [32] [33] [34] 
Surface cleavage
The surface cleavage of fm-BiVO 4 involves Bi-O and/or V-O bond disruption. It has been noted that the V-O bond strength in the rigid VO 4 tetrahedron is much stronger than the Bi-O bond strength in the BiO 8 dodecahedron. 44 Thus, the surface of fm-BiVO 4 is likely to consist of Bi cations and VO 4 tetrahedra on all faces.
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Here we make an estimate of the Bi-O and V-O bond energies. Considering the (100) surface unit cell, there are 12 Bi-O bonds disrupted in the expected termination with Bi-O-V and VO 4 groups at the surface. 11, 26 In another possible termination with Bi-O-Bi and VO 3 groups at the surface, there are only 6 Bi-O and 2 V-O bonds disrupted. The latter termination is 1.96 eV higher in energy than the former one for each surface Bi or V atom. Assuming simply that all Bi-O (V-O) bonds are identical, we obtain the Bi- Thus, we make sure that the stable surfaces of fm-BiVO 4 are terminated with Bi atoms and VO 4 groups, directly supporting the above-mentioned argument from crystal chemistry. 
Surface geometric and electronic structures
Based on the optimized structural parameters, we constructed the surface slabs of fm-BiVO 4 . It should be noted that, due to the weak symmetry breaking in the a-b plane, there are only trivial differences between {100} and {010} in the surface geometric structures of fm-BiVO 4 . It is the same between {101} and {011}. According to the structure-property relationships, physical properties, e.g., surface electronic structures, surface energies and work functions, are expected to be similar for {100}/{010} or {101}/{011}.
3.3.1 The {100}/{010} surfaces. The relaxed geometric structure of the fm-BiVO 4 (100) surface is shown in Fig. 3 Table 3 . The surface V-O bond length is 1.755Å, close to the bulk values. In the unrelaxed slab of fm-BiVO 4 (100), the surface Bi and V atoms are coplanar in the surface plane. In the relaxed slab, the surface Bi atom moves inward 0.13Å while the surface V atom moves outward 0.07Å along the [100] direction. 3(c) shows the site-projected DOS of specic surface atoms in the relaxed and unrelaxed (100) surface slabs, denoted by black and grey curves, respectively. For the unrelaxed slab, the empty backbond 6p states of the surface Bi atom lie in the bulk band-gap region. The P 
are well screened by neighboring VO 4 3À anions, and vice versa.
In the unrelaxed slab of fm-BiVO 4 (001), the surface Bi and V atoms are coplanar in the surface plane. In the relaxed slab, the surface Bi and V atoms move inwards along the [001] direction by 0.11Å and 0.03Å, respectively. Surface relaxation is negligible for the fm-BiVO 4 (001) surface, and the site-projected DOS of specic surface atoms is similar for the relaxed and unrelaxed surface slabs, as shown in Fig. 4(c) . The P 8 5 bonds remain in the surface VO 4 group with an increase in the bonding-antibonding splitting. No band-gap states occur in the band-gap region.
3.3.3 The {101}/{011} surfaces. Fig. 5(a) and (b) show the relaxed geometric structure of the fm-BiVO 4 (101) surface. The surface Bi atom is vefold coordinated. The surface and subsurface VO 4 groups have twofold-coordinated O1, O2, and O3 atoms, respectively. The surface V-O bond lengths are shorter than the bulk values, as given in Table 3 . In the unrelaxed slab of fm-BiVO 4 (101), the outermost layer is the surface Bi atom, the sublayer the surface VO 4 group, and the subsublayer the subsurface VO 4 group. Thus, the surface Bi atoms are not screened from each other. In the relaxed slab, the surface Bi atom moves inward 0.25Å, the surface V atom outward 0.11Å, and the subsurface V atom inward 0.04Å. Fig. 5(c) shows the site-projected DOS of specic surface atoms in the relaxed and unrelaxed (101) surface slabs. For the unrelaxed slab, the empty backbond 6p states of the surface Bi atom are located in the bulk band-gap region. The P 8 5 bonds remain in the surface and subsurface VO 4 groups, with an increase in the bonding-antibonding splitting. For the relaxed slab, the surface states of Bi 6p disappear due to surface relaxation, and no band-gap states occur in the band-gap region.
3.3.4 The {110} surface. Fig. 6 (a) and (b) show the relaxed geometric structure of the fm-BiVO 4 (110) surface. The coordination number is ve for the surface Bi1 atom, and seven for the subsurface Bi2 atom. The bridge site between Bi1 and Bi2 is possibly responsible for adsorption of anions or molecules. In the surface VO 4 , O1 0 is onefold coordinated and O1 twofold coordinated. In the subsurface VO 4 , O2 is twofold coordinated. The surface Bi atoms (or VO 4 groups) are well screened from each other. The bond length of V]O is 1.629Å at the (110) surface, slightly longer than that at the (100)/(010) surface. In the unrelaxed slab, the Bi1 (Bi2) and V1 (V2) atoms are coplanar in the surface plane. In the relaxed slab, Bi1, Bi2 and V1 atoms move inward 0.15Å, 0.04Å and 0.02Å, respectively, and the V2 atom moves outward 0.04Å along the [100] direction. Fig. 6(c) shows the site-projected DOS of specic surface atoms in the relaxed and unrelaxed (110) surface slabs. The P 8 5 bonds remain in the surface and subsurface VO 4 groups. The bonding-antibonding splitting of P 8 5 is larger in the surface VO 4 than in the subsurface VO 4 . For the unrelaxed slab, two sharp peaks of occupied dangling-bond states lie in the band-gap region. The two dangling bonds are derived from the P 8 5 bonds in the surface VO 4 . Due to surface relaxation, one peak of the dangling-bond states merges into the bulk VB region, and the other is xed at 0.1-0.2 eV above the VB top. Thus, there are dangling-bond states in the band-gap region of the (110) surface. 3.3.5 The {111} surface. Fig. 7 (a) and (b) show the relaxed geometric structure of the fm-BiVO 4 (111) surface. The (111) surface consists of terraces separated by steps. Bi2 and Bi3 on the terrace are both sixfold coordinated, and Bi1 and Bi4 on the step are vefold and sevenfold coordinated, respectively. There are two bridge sites for adsorption of anions or molecules, one between Bi2 and Bi3 and the other between Bi1 and Bi4. In the V1O 4 
group, O1
0 is onefold coordinated and O1 twofold coordinated. In the V2O 4 group, O2 0 is onefold coordinated. In the V3O 4 group, both O2 and O3 are twofold coordinated. In the V4O 4 group, O4 is twofold coordinated. The surface Bi atoms (VO 4 groups) are well screened from each other. The bond length of V]O on the (111) surface is nearly the same as that on the (110) surface, as given in Table 3 . In the unrelaxed slab, the Bi and V atoms are coplanar in the surface plane. In the relaxed slab, Bi1, Bi2, Bi3 and Bi4 atoms move inward 0.11Å, 0.13Å, 0.04Å and 0.07Å, respectively. However, the four surface V atoms do not move much along the [100] direction (#0.01Å). Fig. 7(c) shows the site-projected DOS of specic surface atoms in the relaxed and unrelaxed (111) surface slabs. The P 
Surface energy and equilibrium morphology
The surface energy s is dened as
where E slab N is the total energy of a relaxed or unrelaxed N-layer slab and A the area of surface unit cell. Here, we take the computational approach proposed by Fiorentini and Methfessel to obtain relaxed surface energies s r of fm-BiVO 4 . 46 According to this approach, E bulk can be extrapolated by tting a straight line to E slab N (N ¼ 6, 7, 8, 9, 10), which avoids the so-called "divergence problem" in surface energy calculations. The extrapolated E bulk is then used in eqn (1) to derive accurate relaxed surface energies. The relaxation energy, i.e., the energy gain due to relaxation of the ideally cut surface, is calculated as E relax ¼ (E unrelaxed slab À E relaxed slab )/2A. 47 Here, E relaxed slab and E unrelaxed slab denote the total energies of relaxed and unrelaxed slabs, respectively. The unrelaxed surface energy s u is then obtained via s u ¼ s r + E relax .
The calculated unrelaxed surface energies s u and relaxation energies E relax for low-index surfaces of fm-BiVO 4 can be classied into three groups, as shown in 37 The most stable surface is {001}, in accordance with the fact that fm-BiVO 4 exhibits a perfect {001} cleavage.
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As is known, the surface energy is associated with the disruption of chemical bonds at the surface. It is therefore reasonable to assume that s r is proportional to the density of disrupted chemical bonds at the surfaces with similar geometric structures. Surfaces except (101) and (011) exhibit a good linear relation between s r and N DB /A, as shown in Fig. 8 . Here, N DB is the number of disrupted Bi-O bonds listed in Table  4 . The (101) and (011) surfaces are terminated with only Bi atoms while all other surfaces are terminated with both Bi atoms and VO 4 groups. Thus, the deviation of (101) and (011) from other surfaces can be ascribed to their distinct surface geometric structures.
The equilibrium morphology of a crystal can be determined from the calculated surface energies s r via Wulff construction. Fig. 9(b) is the predicted equilibrium morphology of fm-BiVO 4 , a corner-cut truncated bipyramid with {001}, {101}, {011} and {111} facets exposed. The {101}/{011} facets contribute 77.3%, {001} 22.0%, and {111} 0.7% to the total surface region. The magnied insets demonstrate the good agreement between prediction and measurement. The equilibrium morphology of fm-BiVO 4 was widely observed in experiments by others. 23 Compared to the morphology predicted by Zhao et al., our results reveal the existence of {111} facets for real crystals of fm-BiVO 4 .
Work function
The work function f is determined by
where E v is the vacuum level and E F the Fermi level. Here, we take simply the VB edge as E F for work function calculations since fm-BiVO 4 is a semiconductor. 50 There are two contributions to the work function: an intrinsic one due to the binding of electrons and the effect of a dipole layer at the surface. 51 The positive or outward-pointing surface dipole can decrease f.
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The calculated surface-dependent work functions of fmBiVO 4 are presented in Table 4 . It should be noted that, due to the existence of occupied band-gap states, the E F of (110) and (111) are 0.2 eV higher in energy than those of other surfaces. Thus, the Fermi level pinning at the surface contributes 0.2 eV to the reduction of the work functions of (110) and (111). Furthermore, the variation in f between the different surfaces of fm-BiVO 4 is related to the surface dipole layer. For simplicity, the position of the V atom can be roughly taken as the negative charge center of the VO 4 3À anion, and the position of the Bi atom as the positive charge center of the Bi 3+ cation. As mentioned above, for all unrelaxed surface slabs except (101) and (011), the surface Bi and V atoms are coplanar in the surface plane, indicating that the net surface dipole is approximately zero. However, surface relaxation makes a relative displacement Dd between the surface Bi and V atoms along the surface orientation, inducing a positive surface dipole. The Dd values, proportional to the magnitude of the surface dipole, are 0.08Å, 0.11Å, 0.11Å and 0.19Å for (001), (110), (111) and (100)/(010), respectively. As is known, the larger the positive surface dipole the smaller the value of f. Therefore, if the Fermi level pinning is not included, f would decrease with increasing Dd in the sequence (001), (110), (111) and (100)/(010). If the Fermi level pinning is included, f would decrease in the sequence (001), (100)/(010), (110) and (111), as shown in Table 4 .
For the unrelaxed surface slabs of (101) and (011), the outermost layer is the Bi atom, the sublayer and sub-sublayer are the VO 4 groups, indicating a large outward-pointing permanent surface dipole. Surface relaxation results in a relative displacement Dd of 0.36Å between the surface Bi and V atoms along the surface orientation. The induced surface dipole is positive, compensating partially for the loss in the permanent surface dipole. In short, the large surface dipole layer remains at the (101) and (011) surfaces, and causes a dramatic reduction of more than 1 eV in the work function.
Bader charge analysis
The calculated Bader charges on Bi, V and O atoms in bulk fmBiVO 4 are +2.25e, +2.43e and À1.17e, respectively. Here, e denotes the elementary charge. The Bader charge on the Bi atom is close to the assumed +3 oxidation state of the Bi 3+ cation, indicating that the bonding between Bi and O is mainly ionic in nature. In contrast, the Bader charge on the V atoms is much smaller than the expected +5 oxidation state of the V 5+ cation, implying that the bonding between V and O is considerably covalent in nature.
In Table 5 , we present the calculated Bader charges on all specic surface atoms. Due to the ionic nature of bonding, Bader charges on surface Bi atoms remain around +2.20e. In contrast, Bader charges for all surfaces except (001) are reduced to around +2.0e, À1.0e and À0.7e on the V, twofold-coordinated O and onefold-coordinated O atoms, respectively. The reduction in Bader charges originates from charge transfer between V and O at the surfaces. It is worth noting that the Bader charges on Bi, V and O atoms at the (001) surface are rather close to those in the bulk, indicating that the chemical bonding is almost unchanged in the [001] orientation by surface interruption.
Oxygen vacancy formation energy
Oxygen vacancies, a common defect in the bulk and at the surface, have a strong impact on functional properties of oxides. In particular, oxygen vacancies are crucial to understanding the surface catalysis of oxides. Here, we use the O-vacancy formation energy E O vf dened as
where E(O 2 ), E vac tot and E tot denote the total energies of molecular oxygen (O 2 ), vacancy-containing, and vacancy-free oxides, respectively.
The oxygen vacancy in bulk fm-BiVO 4 is modelled in a 2 Â 2 Â 1 supercell. The calculated bulk E O vf is 4.36 eV for both O(1) and O(2). In Table 6 we present the calculated surface E O vf together with the corresponding surface supercells. At the (100)/(010), (110) and (111) surfaces, the onefold-coordinated O1 0 atom is most likely to form an oxygen vacancy. The onefold-coordinated O2 0 at the (111) surface, however, is rather (110) surface is 2.73 eV, about 0.6-1.5 eV lower in energy than those at the low-index surfaces of fm-BiVO 4 . As is known, the formation of oxygen vacancies is common at the TiO 2 (110) surface. In contrast, the formation of oxygen vacancies is expected to be rather difficult at the low-index surfaces (especially (001)) of fm-BiVO 4 . Thus, lattice oxygens are not likely to take part in the oxygen evolution reaction at the surfaces of fm-BiVO 4 .
Discussion
As evidenced by experiments, 25 spatial charge separation occurs between the {001} and the {101}/{011} facets of fm-BiVO 4 . Photogenerated holes tend to locate at the {101}/{011} facets while photogenerated electrons locate at the {001} facets. A plausible explanation is that the driving force for charge separation is the huge difference of 1.2 eV in work function between {101}/{011} and {001}. As we know, the larger the work function, the lower the Fermi level or band edges. Thus, electrons prefer to locate on the {001} facets (f ¼ 7.20 eV) while holes prefer to locate on the {101}/{011} facets (f $ 6 eV).
There are no band-gap states for all surfaces except (110) and (111), and the band-gap states at the (110) and (111) surfaces are very close to the bulk VB top. Thus, whatever facets are exposed in real crystals, the optical absorption of fm-BiVO 4 would remain the same.
It should be kept in mind that the occupied band-gap states act as hole acceptors. When photogenerated holes and electrons migrate to the surfaces, only (110) and (111) could make the photogenerated holes localize at the surface. The localization of holes would reduce the possibility of charge recombination and consequently promote spacial charge separation. As mentioned above, the {111} facets exist in real crystals of fm-BiVO 4 , although the percentage is small among the exposed facets. If the percentage of {111} or {110} can be enhanced by morphology design, the efficiency of charge separation would be further improved for fm-BiVO 4 .
Under in situ conditions of photocatalytic reactions, the exposed facets of fm-BiVO 4 are covered by water and/or cocatalysts. The adsorption of water molecules and/or nanoparticles on the surfaces would modify the intrinsic surface properties of fm-BiVO 4 , such as the work function and band-gap states.
However, to what degree intrinsic surface properties will be modied under in situ conditions is still an open question, and deserves further effort.
Conclusions
The low-index surfaces of fm-BiVO 4 are characterized by surface geometric structures terminated with Bi atoms and VO 4 groups. Similarity in surface geometric structures occurs between (100) and (010) as well as between (101) For the (100), (010), (001), (101) and (011) surfaces, no surface states occur in the band gap region. At the (110) and (111) surfaces, however, there are strongly localized band-gap states derived from the dangling P 8 5 bonds of surface VO 4 group. The band-gap states are occupied and are located at 0.1-0.2 eV above the bulk VB edge. Surface relaxation has a strong impact on the surface electronic structure for all surfaces except (001). The calculated surface energies of fm-BiVO 4 indicate a surface stability order of {001} > {011} $ {101} > {111} > {110} > {010} $ {100}. The equilibrium morphology of fm-BiVO 4 is predicted as a corner-cut truncated bipyramid with {001}, {101}, {011} and {111} facets exposed, in good agreement with experiments. The percentages of {101}/{011}, {001} and {111} facets are 77.3%, 22.0% and 0.7%, respectively.
The calculated surface-dependent work functions of fmBiVO 4 could be explained through consideration of the surface dipole effect. In particular, the work functions of (101) and (011) are $6 eV, about 1 eV lower in energy than the work functions of other surfaces. The dramatic difference in work function might provide the driving force for charge separation between {101}/ {011} and {001} as observed in the experiment. To further improve the efficiency of charge separation in photocatalysis, the strategy of morphology design could be used to increase the percentage of {111} and (110) facets. This journal is © The Royal Society of Chemistry 2017
